PCR-based methods have been developed to rapidly screen for
Legionella organisms are ubiquitous bacteria found in many types of water sources in the environment. Their growth is especially favored in human-made warm water systems, includ ing cooling towers, hot tubs, showerheads, and spas (3, 14, 15, 38) . Legionella bacteria replicate as intracellular parasites of amoebae and persist in the environment as free-living mi crobes or in biofilms. In aerosol form, they enter the lungs and can cause an acute form of pneumonia known as Legionnaires' disease or a milder form of pulmonary infection called Pontiac fever. The species Legionella pneumophila is responsible for the vast majority of the most severe form of this atypical pneumonia (52, 70) . Legionellosis outbreaks are associated with high mortality rates (15 to 20%) (15, 16, 38, 46) , which can reach up to 50% for people with weakened immune systems (immunocompromised patients) (69) . Legionella surveillance programs include regular monitoring of environmental water samples (9, 13, 66) . It is generally acknowledged that Legio nella represents a health risk to humans when cell densities are greater than 10 4 to 10 5 CFU per liter of water, and epidemi ological data show that outbreaks of legionellosis occur at these concentrations (36, 47) .
The evaluation of the risk associated with Legionella has traditionally been performed using culture-based methods (1, 24) . Culture is essential for identifying and typing Legionella strains during epidemics. However, Legionella culture requires long incubation times (up to 10 days) before results can be scored. This problem makes culture unsuitable for preventive actions and rapid response in emergency situations. Moreover, under certain conditions (i.e., low-nutrient environments, oxi dative or osmotic stress, etc.), Legionella cells can lose the ability to be cultured, although they are still viable (7, 17, 20, 22, 39, 45, 67) . These viable but nonculturable (VBNC) Legio nella cells may still represent a public health hazard because they can regain their ability to grow in new, more favorable conditions (12, 19, 23, 61) .
Molecular approaches, such as quantitative real-time PCR (qPCR), are faster and can mitigate the main drawbacks of culture-based methods. qPCR is an alternative tool that offers rapid, sensitive, and specific detection of Legionella bacteria in environmental water samples (4, 5, 12, 26, 65, 68) . PCR results can be obtained in hours instead of days, and VBNC Legionella cells can also be detected (12, 26) . However, the major disad vantage of qPCR lies in its inability to evaluate viability due to the persistence of DNA in cells after death (27, 34) . The monitoring of Legionella contamination levels by conventional qPCR may thus result in an overestimation of the risk of infection because false-positive results can be scored. How ever, the real risk from Legionella is limited to the live fraction of the total Legionella population. Only live or viable Legio nella cells are able to replicate in pulmonary macrophages and cause severe pneumonia (14, 15) . The development of more rapid, culture-independent methods capable of discriminating between live and dead cells is of major interest for measuring Legionella infection risks and preventing legionellosis. The nu cleic acid-binding dye ethidium monoazide bromide (EMA), used in combination with qPCR, is an attractive alternative for selectively detecting and enumerating viable bacteria. EMA is particularly useful because it selectively penetrates cells with damaged membranes and covalently binds to DNA after pho toactivation (21, 53 PCR amplification and thereby lead to a strong signal reduc tion during qPCR. DNA from viable cells with intact cell mem branes prevents EMA molecules from entering the cell and therefore can be amplified and quantified (56) . Nocker et al. (41, 42) suggested that the signal reduction was due to a se lective loss of genomic DNA from dead cells (rendered insol uble after cross-linkage) during the DNA extraction procedure rather than to PCR inhibition. However, Soejima et al. (59, 60) recently reported that treatment with EMA followed by visible light irradiation directly cleaves the chromosomal DNA of dead bacteria. In this study we optimized the EMA-staining procedure in conjunction with qPCR with pure cultures of L. pneumophila. We analyzed the potential for the EMA-qPCR method to discriminate Legionella cells with compromised or intact cell membranes. We optimized this EMA-qPCR technique, viabil ity PCR, hereafter named v-PCR, and used it to quantify viable Legionella cells in environmental water samples. We compared our results with those obtained by conventional qPCR and culture methods. In addition, we evaluated the ability of v-PCR to monitor the efficacy of different disinfection strategies.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Legionella strains used in this study were as follows:
, and L. bozemanii (ATCC 33217). Bacteria were grown at 37°C on buffered charcoal yeast extract (BCYE) agar supplemented with L-cysteine and ferric pyrophosphate (Oxoid Ltd., Bas ingstoke, United Kingdom).
Liquid cultures were prepared from single colonies of Legionella transferred to 10 ml of LB medium (Lennox L broth) (Invitrogen, Paisley, United Kingdom) containing Legionella growth supplements (Oxoid Ltd.). Cultures were grown at 37°C in an orbital shaker incubator. Cultures were then decimally diluted in 0.85% NaCl, and the number of CFU was determined by spreading 0.1 ml of appropriate dilutions onto duplicate plates of BCYE agar and incubating at 37°C for 6 days.
EMA treatment. Solid EMA was purchased from Molecular Probes (Eugene, OR) and dissolved in dimethyl sulfoxide in the absence of light. Aliquots of 20 [l of 5-mg/ml EMA stock solution were stored at -20°C in brown, light-resistant microcentrifuge tubes until needed.
To investigate the effect of EMA on Legionella viability, a liquid culture of L. pneumophila sg1 was diluted in sterile 0.85% NaCl, as described above, and split into two fractions of identical volumes. One fraction was not heated. The other fraction was boiled for 15 min in a water bath to kill all Legionella cells. Cells were immediately placed on ice after heating. The efficacy of heat treatment was checked by plating on BCYE medium. A dilution of each fraction was subjected to EMA treatment. An aliquot from the unheated fraction was used as a control and was not treated with EMA, but the same amount of dimethyl sulfoxide that was used for the EMA-treated samples was added.
To determine the optimal concentration of EMA, dilutions of 1-ml aliquots from the treated heated and nonheated fractions were incubated in duplicate with 2.5, 5, 10, or 100 [g/ml of EMA for 10 min. After EMA treatment, tubes were exposed to a halogen light source (Osram Lum Halostar 300/500 W) to photo-cross-link EMA to DNA. During light exposure, samples were placed on ice to avoid excessive heating. To determine the optimal duration of light exposure necessary for cross-linking between EMA and DNA from dead cells, treated aliquots at each EMA concentration were exposed in duplicate to halogen light for 1 or 15 min. Control samples were also exposed to light.
EMA-treated samples and untreated controls were washed by centrifugation (16,000 X g, 5 min) with 0.85% NaCl. Pellets were resuspended in 30 to 40 [l (depending on the experiment) of the corresponding residual supernatants be fore DNA extraction.
DNA isolation. After cells were washed following the EMA treatment, the lysis buffer InstaGene matrix (Bio-Rad Laboratories, Hercules, CA) was added to the sample to complete bacterial lysis and carry out subsequent DNA extraction.
Tubes were heated in a boiling water bath for 15 min, then stored at -20°C for 30 min, and finally returned to 98°C for 15 min. After centrifugation, 5 [l of the resulting supernatant was used for qPCR analysis. Each sample was deposited in duplicate on each PCR plate.
Quantification by qPCR. qPCR was performed with an iCycler iQ thermal cycler (Bio-Rad) in 96-well plates. DNA amplifications were performed using the iQ-Check Quanti L. pneumophila or iQ-Check Quanti Legionella species kits (Bio-Rad) according to the manufacturer's instructions. The validity of the quan tification standard series and of the negative controls was checked. The iCycler iQ software automatically monitors the quantity of genomic units (GU) present in the sample. The cycle threshold value of the sample is compared with those of the standards by means of a standard curve. The values given for each sample in the iCycler iQ report correspond to the initial quantity of Legionella GU present in the 5-[l DNA samples transferred to each PCR well. To obtain the concen tration of Legionella cells in GU/ml, the mean of the two duplicates (as calculated by the software) was multiplied by a factor representing the fraction of sample volume transferred to each well. The effect of EMA treatments was calculated by subtracting the GU/ml values (expressed in log units) of EMA-treated samples from the corresponding GU/ml values of untreated samples. Membrane-permeabilizing treatments. Two membrane-permeabilizing agents were used: isopropyl alcohol and toluene. These compounds are known to disrupt cell membranes (25, 54) . By generating holes in the membrane, these agents should allow the EMA molecule to pass into the cell and covalently link to DNA, preventing amplification of DNA from dead cells. Toluene treatments at concentrations of 0.1%, 1%, and 5% were performed by adding 1, 10, and 50 [l of toluene per 1 ml of sample, respectively. Cells were exposed to toluene for 60 min at room temperature. Toluenized cells were then harvested by centrifu gation and resuspended in 1 ml of 0.85% NaCl. EMA-treated samples were treated prior to DNA extraction. Cells were resuspended in 70% isopropyl alcohol and allowed to stand at room temperature for 1 h. The bacterial sus pension was subsequently washed by centrifugation and resuspended in 1 ml of 0.85% NaCl before v-PCR was performed.
Application of the v-PCR method to environmental water samples. Isolation of Legionella bacteria from natural water systems was performed as previously described (10) . Briefly, 1 liter of sampled water was filtered on a 0.4-[m-pore diameter polycarbonate membrane (Isopore; Millipore, Ireland). After filtration, bacteria collected on the membranes were resuspended in 5 ml of the sample filtrate by sonication. From this concentrated suspension, 3.1 ml was employed for culture analysis according to the 2003 NF T90-431 standardized method elaborated by the French Standardization Agency (AFNOR) (1), which con forms to the 1998 international standard ISO 11731 (24) . The remaining 1.9 ml of the suspension was stored at 4°C until further analysis. Water samples in which Legionella was detected using standard culture procedures were analyzed with v-PCR and conventional qPCR (2) (EMA-untreated samples) using 0.5 ml of this stored fraction. Previous experiments had shown that defined conditions for v-PCR were also valid using 1 ml or 0.5 ml of concentrated sample (data not shown). To determine the actual correspondence between molecular and culture counts, 0.1 ml of appropriate dilutions of the stored fraction was spread on duplicate plates of glycine, vancomycin, polymyxin B, and cycloheximide (GVPC medium; Oxoid Ltd.) the same day that molecular analyses were carried out. Plates were incubated at 37°C for 10 days.
Disinfection treatments. (i) Thermal disinfection. Thermal treatment is widely used as a disinfection method because Legionella was found to be almost in stantly inactivated at >70°C (6, 29) . A pure suspension spiked with 1.6 X 10 6 CFU/ml of L. pneumophila was treated at 70°C for 1, 3, and 5 h. Samples were simultaneously analyzed by qPCR, v-PCR, and culture before and after treat ment to evaluate the effect of the disinfecting strategy on the total, viable, and culturable Legionella counts, respectively.
(ii) Chlorine treatment. Chlorine was chosen as a representative of oxidizing biocides commonly used in disinfecting treatments of water. Although the mech anisms by which chlorine acts have not been elucidated completely, it is generally accepted that chlorine leads to perforation of the cell membrane (62, 63) . Free-chlorine solution was freshly prepared by diluting commercial bleach (9.6% 3504 DELGADO-VISCOGLIOSI ET AL.
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active chlorine) in sterile MilliQ water to obtain a 30-mg/liter working solution.
The concentration of free chlorine was determined with a pocket colorimeter II analysis system (Hach test kit; Hach Co., Loveland, CO). A 0.1-mg/ml sodium thiosulfate stock solution was used for dechlorinating samples after treatment.
For chlorine experiments with L. pneumophila, a starved suspension was used in order to avoid chlorine consumption by organic matter. To prepare a mock environmental sample, 9 ml of the starved suspension was used to inoculate 1 liter of tap water. Ten bottles containing 100 ml of artificially contaminated tap water were made up. One bottle served to determine the initial L. pneumophila counts in the absence of chlorine using the v-PCR, qPCR, and culture methods. The rest of the bottles were used for the disinfection assay at different chlorine concentrations. Increasing volumes of the chlorine stock solution were added to different batches to achieve final concentrations comprising between 0.2 mg/liter and 1.6 mg/liter. The mixtures were incubated at room temperature in the dark for 60 min. After adding chlorine, 10 ml was taken from each assay bottle to measure free and total chlorine concentrations using the chlorine colorimeter kit. Following treatment, 10 ml of each sample was transferred to a tube con taining sodium thiosulfate (0.02-mg/ml final concentration) to neutralize any residual chlorine. Aliquots of 1 ml were then prepared and assayed using the qPCR, v-PCR, and culture methods. A control was run simultaneously with the disinfection assay to verify that the water sample used in the experiment did not show any chlorine demand. Free and total chlorine concentrations were mea sured at 0, 15, 30, and 60 min after addition of different concentrations of chlorine in the tap water in the absence of L. pneumophila.
To confirm results and to analyze chlorine effects over a longer period of time, a second disinfection experiment was performed using three concentrations of chlorine (0.2, 0.5, and 1 mg/liter) for 24 h before inactivation by sodium thio sulfate.
(iii) Glutaraldehyde treatment. Glutaraldehyde is the nonoxidizing biocide most often used in cooling water systems (18, 29, 30) . A suspension containing approximately 10 5 CFU/ml of L. pneumophila was exposed to 500 mg/liter glu taraldehyde-a concentration reported to be effective (29)-for 30 min and 1, 6, 24, and 48 h. After treatment, Legionella cells were harvested by centrifugation and washed before being treated with EMA. Efficacy of the glutaraldehyde treatment as a biocide was assessed using plate counts on GVPC medium to confirm the absence of colonies.
Data analysis. Standard deviations were calculated for the means of duplicate or triplicate counts. For the repeatability analysis, standard deviations were calculated from five independent replicates, and variability (the coefficient of variation) was calculated and reported as standard errors of the mean.
RESULTS
Optimization of the EMA protocol with pure suspensions of L. pneumophila. Various parameters, namely, EMA concentra tion and light exposure time, were optimized to selectively discriminate viable from dead L. pneumophila strain Philadel phia-1 cells. First, we used the experimental conditions estab lished by Nogva et al. (43) and Rudi et al. (56) for discrimina tion between viable and dead food-borne bacteria, i.e., a treatment with 100 [g/ml EMA followed by exposure to halo gen light for 1 min. In this study, this concentration was not suitable. Not only did it significantly inhibit amplification in heat-killed bacteria, but it also greatly reduced the PCR signal (by more than 3 log units) in the viable control (data not shown). We therefore then adapted the established protocol (Fig. 1) . A L. pneumophila suspension containing approxi mately 1.8 X 10 5 CFU/ml was treated in duplicate with 2.5, 5, and 10 [g/ml EMA for 10 min and exposed to a halogen light for 1 min in order to obtain the EMA cross-linking. Compared to untreated controls, the EMA treatment of viable samples reduced the PCR signal from qPCRs by 0.15 log units for the 2.5-[g/ml EMA treatment and 0.30 log units for the 5-and 10-[g/ml EMA treatments. In the case of heat-killed cells, the signal reductions were 1.87 log units, 2.61 log units, and 2.51 log units for the 2.5-, 5-, and 10-[g/ml EMA concentrations, respectively ( Fig. 1A and B) . Increasing light exposure time to 15 min resulted in a reduction of more than 3 log units in the PCR signal of dead cell suspensions (PCR signals were close to detection limits) compared to untreated samples (Fig. 1D) . The extent of inhibition in viable suspensions varied with the EMA concentration used. Increasing concentrations of EMA resulted in proportional decreases in amplification (Fig. 1C) . Generally, the EMA treatment led to a slight PCR signal reduction in the EMA-treated viable controls com pared with the equivalent untreated sample, suggesting that a small fraction of dead cells was present in the initial culture. Comparison of viable Legionella counts determined by solid phase cytometry (37), using the vital dye Chem chrome V6, with counts obtained using conventional qPCR confirmed the existence of dead cells in the viable cultures (data not shown). Therefore, incubation with 2.5 [g/ml EMA followed by a 15-min light exposure constituted opti mal conditions in which amplification of DNA derived from dead L. pneumophila cells (more than 99.9%) was consid erably suppressed, while there was no significant inhibition of amplification of DNA from viable cells. Similar results were obtained using Legionella species other than L. pneu mophila. Under our established conditions, v-PCR sup pressed 99.9% of the PCR signal in nonviable cultures of L. anisa, L. longbeachae, and L. gormanii (data not shown).
In order to confirm our preliminary results, we evaluated the repeatability of the v-PCR technique using our defined condi tions. Five independent replicates of a viable L. pneumophila strain Philadelphia-1 suspension at a cell density of approxi mately 1.5 X 10 6 CFU/ml and its corresponding heat-killed suspension were analyzed by v-PCR using 2.5 [g/ml EMA and a 15-min light exposure. Results showed that the v-PCR a The mean signal reduction for viable cells was 0.19 log units. The standard deviation of the reduction signal (expressed in log GU/ml) was 0.03.
b The mean signal reduction for heat-killed cells was 3.36 log units. The standard deviation of the reduction signal (expressed in log GU/ml) was 0. 16. method has good repeatability ( Table 1 ). The EMA treatment led to a mean signal reduction of 0.19 log units in viable cells compared to a mean signal reduction of 3.36 log units in heat-killed cells. The standard deviations of the reduction sig nal (expressed in log GU/ml) were 0.03 and 0.16 for viable and dead L. pneumophila cells, respectively.
The influence of the total amount of Legionella cells present in the sample on the v-PCR results was also evaluated. For this, 10-fold serial dilutions of both unheated and heat-killed (boiled) suspensions of L. pneumophila were analyzed by v-PCR. The v-PCR method showed good linearity, i.e., PCR values were proportional to the viable or dead L. pneumophila concentrations ( Fig. 2A and B) . The relative detection of living and dead cells was therefore independent of cell concentra tion, at least in the range of tested concentrations (between 10 Permeabilizing treatments. The influence of toluene on vi able cell counts was evaluated using qPCR, v-PCR, and culture at three different toluene concentrations (Fig. 3A) . When a suspension containing 1.61 X 10 6 CFU/ml L. pneumophila strain Philadelphia-1 was exposed to 0.1% toluene, the cultur able cell count lowered to 5 X 10 5 CFU/ml. A reduction of 1 log unit was also observed using v-PCR at the same toluene concentration. The increase of the toluene concentration to 1% or 5% led to a dramatic decrease in cell viability, as mea sured by the ability to grow and form colonies on agar plates. No culturable L. pneumophila cells were observed after treat ment at these concentrations. The EMA treatment decreased the amount of amplified DNA in toluene-treated samples up to 3 log units compared to untreated samples. As expected, the qPCR count remained constant, whatever the concentration of toluene.
The isopropyl alcohol treatment resulted in a reduction in viable cell numbers determined by standard plate counting and in a significant reduction in the PCR signal in cells that were stained with EMA. The results from the v-PCR method show that the EMA treatment suppressed more than 99.9% of DNA amplification from isopropyl alcohol-treated L. pneumophila strain Philadelphia-1, resulting in a reduction in copy number over 3.5 log units. In contrast, no significant differences be tween control and isopropyl alcohol-treated cell counts were observed using conventional qPCR (Fig. 3B) . Comparable re sults were also obtained with two other L. pneumophila strains (strains Chicago-2 and Los Angeles-1) and four other Legio nella species (L. anisa, L. dumoffii, L. bozemanii, and L. gor manii) ( Table 2) .
Application of the v-PCR method to environmental water samples. A total of 61 domestic hot-water samples yielding positive results by the standard culture method (1) were simul taneously analyzed by v-PCR, conventional qPCR, and culture methods to assess the correspondence between molecular and standard approaches. Three other samples that were deemed positive by conventional qPCR but negative by v-PCR and culture were also included in the analysis. Results of the eval uation of L. pneumophila determined for the various natural water samples are shown in Fig. 4 . The three analytical meth ods were plotted in the same graph to facilitate comparisons, even though CFU values are not strictly comparable to GU values. As expected, qPCR values were higher than culture values for all samples analyzed. With the v-PCR technique, which removes the contribution of dead L. pneumophila cells through an EMA treatment, the viable counts varied from one sample to another one. Different patterns could be distin guished depending on results obtained using the three enu- The sensitivity of the v-PCR method depends on the volume of water analyzed and the number of replicates used per PCR plate. Under the experimental conditions used in this study the detection limit of the v-PCR method was 200 GU/ml for 1 ml of sample treated with EMA and two replicates per PCR plate. However, for routine applications, the detection limit is re duced to 250 GU/liter if 1 liter of sample water is used for each v-PCR assay.
Evaluation of efficacy of disinfection treatments. To control Legionella and maintain good water quality, thermal or chem ical disinfection treatments are currently employed. We checked the capacity of the v-PCR method to assess the effi cacy of the most common disinfection treatments used for the inactivation of Legionella bacteria, namely, heat, chlorine, and glutaraldehyde.
(i) Thermal disinfection. The results of the three detection methods with respect to treatment duration at 70°C are shown in Fig. 5 . As expected, no Legionella cells were detected by culture after 1 h of thermal treatment. The viable Legionella count as determined by v-PCR dropped nearly 4 log units following the treatment, while the qPCR count remained prac tically constant before and after treatment.
(ii) Chlorine. The purpose of the assay was to compare the L. pneumophila enumerations obtained using v-PCR with con ventional qPCR and culture counts in artificially contaminated chlorinated tap water. Concentrations of total, viable, and cul turable L. pneumophila cells in the spiked water samples were 7.6 X 10 6 GU/ml, 2.15 X 10 5 GU/ml, and 9.45 X 10 4 CFU/ml, respectively. A notable difference (>1.5 log units) in the num ber of GU determined by qPCR and v-PCR was observed, suggesting the presence of injured or dead cells in the initial inoculum.
The tap water used for spiking initially contained 0.1 mg/liter free chlorine. Chlorination was carried out using concentra tions of free chlorine ranging from 0.2 to 1.6 mg/liter. The kinetics of chlorine consumption over a 60-min period showed that free-chlorine concentrations in controls without bacteria remained constant, confirming that tap water used for the assay had no chlorine demand (Fig. 6A) . However, the kinetics of chlorine consumption in the assay bottles showed a drop in chlorine, as a consequence of consumption by bacteria (Fig.  6B) . All the plots of chlorine consumption showed a rapid decrease in chlorine concentration during the first 15 min of the assay, followed by a gradual decline. Figure 6C summarizes the kinetics of enumerations of L. pneumophila cells using the three detection methods as a func tion of chlorine dose. As expected, increased chlorine doses resulted in decreased culture counts. A gradual decay in cul ture enumerations was observed at 0.2 mg/liter chlorine, and the application of a concentration of 0.3 mg/liter chlorine re sulted in a total loss of culturability of L. pneumophila. Low concentrations of chlorine did not affect v-PCR or qPCR counts. The enumerations obtained using the two molecular methods remained constant until a threshold chlorine dose (ca. 0.5 mg/liter) was reached, after which counts dropped propor tionally with chlorine concentration. It seems that from this dose upwards, chlorine diffused inside cells and induced dam ages that affected v-PCR as well as conventional qPCR ampli fication.
In a similar experiment, a tap-water sample was spiked with 1 X 10 5 CFU/liter of L. pneumophila, and the effect of 0.2, 0.5, and 1 mg/liter of chlorine was measured after 24 h of treatment (Fig. 6D) . Culture counts began to fall at 0.2 mg/liter, and no L. pneumophila growth was observed at 0.5 mg/liter, confirm ing previous results. At a chlorine dose as low as 0.2 mg/liter, the kinetics of inactivation determined by v-PCR and qPCR were parallel, i.e., no reductions in GU counts were observed compared to the nonchlorinated controls, as previously ob served. However, a slight difference with regard to the prece dent experiment was observed at a concentration of 0.5 mg/ liter. At this dose, a gap between viable and total counts was observed, and v-PCR counts dropped, whereas qPCR counts remained constant. At higher chlorine concentrations (1 mg/ liter), both enumerations simultaneously dropped. These re sults suggest that when the threshold dose of 0.5 mg/liter chlo rine is reached, EMA molecules are able to penetrate into the cells and to bind to DNA, partially preventing subsequent amplification. At higher concentrations, damages induced by chlorine seem to affect the nucleic acid integrity and their amplification with either molecular method. (iii) Glutaraldehyde. Survival curves of glutaraldehyde treated L. pneumophila cells evaluated using culture, v-PCR, and conventional qPCR are shown in Fig. 7 . No culturable L. pneumophila cells were recovered after a 30-min treatment, while qPCR counts remained invariable during the experi ment. A rapid drop in viable cell concentration (over 99.9%) was observed by v-PCR during the first 30 min of the assay and was followed by a gradual increase (up to 1 log unit) in cell concentrations at 48 h of treatment. These results suggest that glutaraldehyde may cause reversible injury of L. pneumophila cells.
DISCUSSION
In this study, we evaluated the potential usefulness of the v-PCR technique for discriminating viable from nonviable Le gionella bacteria in water samples. One of the criteria for distinguishing viable bacteria is membrane integrity (28) . Live cells with intact membranes are distinguished by their ability to exclude DNA-binding dyes, such as EMA, which can easily enter dead cells with compromised membranes. When EMA staining is combined with qPCR, selective quantification of the viable fraction of a mixed bacterial population is possible. This technique was initially employed by Nogva et al. (43) and Rudi et al. (55, 56) to differentiate between viable and dead cells of Escherichia coli, Salmonella spp., Listeria monocytogenes, and Campylobacter jejuni. Since then, the EMA-qPCR approach has been used to discriminately quantify viable cells of other bacterial types (8, 41, 51, 57, 64) . The standardized protocol initially established by Nogva et al. (43) and Rudi et al. (55, 56) was not suitable to effectively discriminate live from dead Le gionella cells. In this study, we developed a protocol better adapted to L. pneumophila and other Legionella spp. The op timal conditions that we defined here resulted in a PCR signal reduction of more than 99.9% in pure nonviable Legionella cultures that had been heat killed. Experiments involving mixed samples and permeabilizing compounds confirmed the selective discrimination of viable L. pneumophila by v-PCR. Assessment of the efficacy of various disinfectants against Legionella using v-PCR. Methods used to determine disinfec tion efficacy have traditionally been based on viability assays using conventional plate counting. A problem associated with this practice is that bacteria may become unable to form col onies on selective media because of reversible injury or be cause they enter into a VBNC state (17, 20, 31, 33, 35) . Con cerning Legionella, the monitoring of the disinfection efficacy using culture techniques requires prolonged incubation peri ods due to the low growth rate of these bacteria. In this con text, v-PCR would identify the impact of curative treatments and provide more precise information on the physiological consequences of disinfectants more quickly than culture tech niques. Disinfection by heating at 70°C is the most common strategy for controlling legionellae in hot water systems. Re sults obtained in this work show that the v-PCR approach successfully monitors in vitro disinfection based on thermal treatment, leading to a reduction of more than 99.9% of the L. pneumophila PCR signal in spiked samples, in contrast with conventional qPCR. Chlorine is generally considered to be a nonselective oxidant which reacts with a variety of cellular components, such as the cytoplasmic membrane (32, 63) . We evaluated the v-PCR tech nique for assessing the effectiveness of chlorination. The dose effect relationship we observed (Fig. 6C) closely resembles that reported by Phe et al. (49) using nucleic acid fluorochromes and flow cytometry in chlorinated drinking water samples. These authors also showed a loss of culturability followed by nucleic acid damage, which inhibited staining with nucleic acid dyes when the chlorine level increased. Our v-PCR results were unexpected if we admit that membrane permeabilization occurs early after chlorine addition, as suggested by the ab sence of culturable cells with small amounts of chlorine. To explain this fact, two hypotheses can be formulated. The first hypothesis considers that the membrane is not permeabilized at low chorine levels and the loss of culturability might be a response of bacteria to environmental stress. L. pneumophila cells are stressed or partially injured rather than inactivated. Recent studies (12, 19) have reported that chlorination in duced formation of VBNC L. pneumophila cells, the chlorine treated samples being able to recover their culturability after infecting Acanthamoeba polyphaga. In the second hypothesis, we could speculate that membrane permeabilization occurs early, but holes induced by low chlorine concentrations are not large enough to allow EMA to enter into the cells and there is no reduction in the PCR signal. It has been reported that in cells with minimal membrane damage, the EMA-related com pound propidium iodide has limited access to the cytoplasm (32) . The concentration of 0.5 mg/liter of chlorine appeared as a threshold dose at which a difference between v-PCR and qPCR results was observed, suggesting that the degree of per meabilization of the membrane was enough to allow discrim ination between live and dead cells by the v-PCR technique. At higher concentrations (>0.5 mg/liter), findings derived from v-PCR results were the same as those derived from qPCR results, although the initial difference between v-PCR and qPCR counts was maintained. At high doses, chlorine diffuses inside bacteria and exerts deleterious oxidant effects on nucleic acids (DNA damage), obviously having the same consequences for amplification in both v-PCR and qPCR techniques. Lethal DNA damage caused by chlorine has been reported previously (11, 48, 49, 50, 58) . We can deduce from our results that the discrimination between live and dead cells using v-PCR after chlorination requires efficient diffusion of EMA dye through the bacterial membrane (hole sizes) and DNA integrity to allow binding.
One of the most extensively used nonoxidizing biocides is glutaraldehyde, which has been used widely to inactivate Le gionella bacteria (18, 29) . Among the biological mechanisms of action by which glutaraldehyde kills microorganisms, the inter action with outer membrane lipoproteins has been proposed (18) . Survival curves of L. pneumophila cells treated with dif ferent concentrations of glutaraldehyde, evaluated using cul ture and v-PCR, demonstrated that the biocide acted rapidly. As expected, qPCR counts remained invariable after 48 h of treatment, confirming this technique's drawback of generating false-positive results. An interesting finding derived from v-PCR data is the recovery of some L. pneumophila cells after exposure to glutaraldehyde. This observation suggests that a fraction of L. pneumophila cells survived the glutaraldehyde treatment and were in a reversible injured state. If glutarade hyde-injured L. pneumophila cells are able to partially repair their damaged membranes, EMA is prevented from entering the cell, leading to a subsequent increase in the v-PCR signal. The occurrence of reversible injury caused by glutaraldehyde may explain the nonlasting effect of this biocide. The ability of injured cells to seal or to repair cellular membrane damage and recover under suitable conditions has been reported else where (33, 40, 44) . From a sanitary risk point of view, suble thally injured Legionella cells induced by glutaraldehyde may be capable of recovering and recolonizing water systems.
In conclusion, v-PCR represents an innovative technique that has advantages over the two other important techniques of Legionella enumeration: it can minimize false-positive results (positive signal for Legionella, although bacteria are not viable) compared to the conventional qPCR method and give rapid results compared to the current time-consuming culture method. EMA-treated samples should be more representative of the potentially pathogenic L. pneumophila population than those evaluated by qPCR. v-PCR may provide a tool for es tablishing an association between Legionella concentration and risk of disease because it detects culturable as well as VBNC Legionella cells. The application of v-PCR to Legionella shows promise as an excellent diagnostic assay for routine monitoring of the risk of legionellosis and a tool for providing rapid re sponses in emergency situations. Moreover, the v-PCR ap proach could allow us to better understand the way in which biocides kill cells and could help optimize disinfection strate gies. Field studies would help further establish the v-PCR technique as a routine tool for regulatory monitoring of facil ities and evaluation of the curative measures in human-made environments. In this context, validation of the v-PCR method is under way in combination with standardized culture and qPCR for monitoring Legionella density in a representative number of cooling towers.
